Abstract Hereditary and sporadic neurodegenerative ataxias are movement disorders that affect the cerebellum. Robust and objective biomarkers are critical for treatment trials of ataxias. In addition, such biomarkers may help discriminate between ataxia subtypes because these diseases display substantial overlap in clinical presentation and conventional MRI. Profiles of 10-13 neurochemical concentrations obtained in vivo by high field proton magnetic resonance spectroscopy ( 1 H MRS) can potentially provide ataxia-type specific biomarkers. We compared cerebellar and brainstem neurochemical profiles measured at 4 T from 26 patients with spinocerebellar ataxias (SCA1, N=9; SCA2, N=7; SCA6, N=5) or cerebellar multiple system atrophy (MSA-C, N =5) and 15 age-matched healthy controls. The Scale for the Assessment and Rating of Ataxia (SARA) was used to assess disease severity. The patterns of neurochemical alterations relative to controls differed between ataxia types. Myo-inositol levels in the vermis, myo-inositol, total N-acetylaspartate, total creatine, glutamate, glutamine in the cerebellar hemispheres and myoinositol, total N-acetylaspartate, glutamate in the pons were significantly different between patient groups (Bonferroni corrected p<0.05). The best MRS predictors were selected by a tree classification procedure and lead to 89% accurate classification of all subjects while the SARA scores overlapped considerably between patient groups. Therefore, this study demonstrated multiple neurochemical alterations in SCAs and MSA-C relative to controls and the potential for these neurochemical levels to differentiate ataxia types. Studies with higher numbers of patients and other ataxias are warranted to further investigate the clinical utility of neurochemical levels as measured by high-field MRS as ataxia biomarkers.
Introduction
Neurodegenerative ataxias are movement disorders characterized by progressive gait and limb ataxia, dysarthria and a variable pattern of other progressive neurological deficits [1] . Their primary pathological characteristic is cerebellar and, in many cases, brainstem neurodegeneration. A number of genetic forms exist, such as the autosomal dominant spinocerebellar ataxias (SCAs). SCA1, SCA2, SCA3, and SCA6 are the most common SCAs worldwide, making up about half of the SCA patient population [2] . The most common nonhereditary form is cerebellar multiple system atrophy (MSA-C) [3] .
SCAs and MSA-C, as most neurodegenerative diseases, pose significant challenges for assessing whether therapies effect disease progression because of their slow progression and phenotypic variability. Hence, long clinical trials with large sample sizes are needed due to limitations of clinical outcome measures that are typically used in such trials [4] . On the other hand, biomarkers may provide useful surrogate outcome measures to gauge therapies after proper validation with clinical scales. Therefore, robust biomarkers that can eventually be used as surrogate markers in trials will have a high impact on development of neuroprotective therapies. Major advances were made in understanding disease mechanisms in neurodegenerative ataxias [2, 5] , resulting in various treatment possibilities [6] . Therefore, the need for reliable ataxia biomarkers is greater than ever.
Neurodegenerative ataxias also pose challenges for diagnosis. The advent of genetic testing for SCAs had a great impact in classifying these disorders; however, running the full profile of available tests is expensive. Clinical evaluation can discriminate groups of SCAs, e.g., pure cerebellar disorders from ataxias associated with extracerebellar features; however, it cannot distinguish the many SCA genotypes [2] . Diagnosis of sporadic forms is primarily based on clinical evaluation and conventional MRIs that demonstrate cerebellar atrophy. Therefore, identifying robust and objective imaging markers that can differentiate between ataxias has been a long-term interest in the ataxia field [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Such biomarkers could guide genetic testing for hereditary ataxias, help with diagnosis of nonhereditary ataxias, and contribute to the understanding of differences in the disease processes between ataxias.
Distinguishing ataxia types by imaging has been challenging. Conventional T 1 -, T 2 -, and proton density-weighted MRI do not distinguish SCA subtypes and MSA-C [7, 12, 16] . The disease specificity of nonconventional imaging methods, such as voxel-based morphometry, diffusion tensor imaging (DTI), and proton MRS ( 1 H MRS), has been investigated with variable success [7] [8] [9] [10] [11] [12] [13] [14] [15] . For example, volumetric analysis distinguished SCA2 and SCA3, but not SCA1 from either disease [10] . In a recent multicenter volumetric study, SCA1, SCA3, and SCA6 could be distinguished with a 81.7% reclassification probability using data from five brain regions, underlining the utility of multiparametric approaches [13] . Despite initial difficulties in distinguishing SCA1 and SCA2 based on DTI [12] , a recent pilot study demonstrated potential to distinguish SCA1 from MSA-C and SCA2 by using multiple DTI measures [7] .
Magnetic resonance spectroscopy enables quantification of endogenous concentrations of neurochemicals and has great potential to yield metabolic biomarkers that can report on neuronal dysfunction prior to irreversible structural damage and during progressive neurodegeneration. MRS studies at 1.5 T typically focus on three metabolites (Nacetylaspartate (NAA), creatine, choline) or their ratios [8, 11, 18] . A common observation in neurodegenerative diseases is a decrease in NAA levels or the NAA/creatine ratio [17] , making the MRS findings nonspecific. For example, cerebellar and pontine NAA levels were lower than controls in both SCA1 and SCA2, with no difference between patient groups [9] . A higher cerebellar NAA/ creatine ratio was found in SCA6 (N=3) than SCA2 (N=4); however, this difference may have been due to more severe disease in patients with SCA2 and not due to the genetic difference alone [8] . A recent study reported the ability to distinguish SCA2 from MSA-C based on the observation of lactate in the cerebellum in SCA2 [11] .
At higher fields, MRS enables quantification of 10-18 neurochemicals making up a "neurochemical profile" [19, 20] . Furthermore, metabolites are quantified with higher precision due to reduced measurement error, increasing the potential for disease-specific MRS findings. We have recently demonstrated altered neurochemical concentrations in the cerebellum and pons of patients with early-tomoderate SCA1 and correlations of a subset of these (NAA, myo-inositol, glutamate) with the scores on a validated ataxia rating scale [21] . Furthermore, the same neurochemicals displayed robust correlations with pathological changes and could be used longitudinally to monitor pre-symptomatic and progressive neurodegeneration in a mouse model of SCA1 [22] . Our goal in the current study was to assess neurochemical alterations in other neurodegenerative ataxias and the potential to use the neurochemical levels as ataxia-type specific biomarkers. Because the pathogenic pathways appear to differ between ataxia subtypes [2, 23] and different neurochemical patterns were demonstrated between mice with different ataxia-causing mutations [24] , we hypothesized that the pattern of neurochemical profile alterations would differ between ataxia subtypes. To test this hypothesis, we measured cerebellar and brainstem neurochemical profiles of patients with SCA2, SCA6, and MSA-C by high field (4T) 1 H MRS. These data combined with our prior data from patients with SCA1 and healthy controls [21] allowed us to test the disease specificity of MRS biomarkers. To examine if any potential differences in neurochemical alterations between disease groups can be explained by differences in disease severity, we also evaluated the patients with a validated ataxia rating scale [25] .
Subjects and Methods

Subjects
Eight patients with SCA2 (age 51±6 (SD) years), five patients with SCA6 (53±8 years), and five patients with MSA-C (55±3 years; Table 1 ) enrolled in the study after giving written informed consent using procedures approved by the Institutional Review Board: Human Subjects Committee of University of Minnesota. Patients with SCA2 and SCA6 were diagnosed by genetic testing ( Table 1 ). The diagnosis of probable MSA-C was established according to the criteria from the consensus statements on the diagnosis of MSA [3] . Exclusion criteria were identical to our prior study [21] . Patients underwent MR scanning and were evaluated with an ataxia rating scale [25] within 1 day of MR scanning. MRS data could not be obtained from one patient with SCA2 due to claustrophobia. Data for the nine patients with SCA1 and controls (N= 15, age range matched to all patient groups) were taken from our prior study [21] . Subjects, including the patients with SCA1 and controls, were recruited from February 2005 to May 2009, and data acquired using identical methods for all groups.
MR Protocol and Metabolite Quantification
The MR protocol at 4 T was identical to our prior study [21] . Briefly, 1 H MR spectra from vermis (1×2.5×2.5 cm 3 ), cerebellar hemisphere (1.7×1.7×1.7 cm 3 ), and pons (1.6× 1.6×1.6 cm 3 ) were acquired with an ultra-short echo stimulated-echo acquisition mode (STEAM) sequence (echo time TE=5 ms, repetition time TR=4.5 s) and quantified using an automated deconvolution program (LCModel) [26] with the basis set described previously [21] . All metabolite concentrations were corrected for the amount of cerebrospinal fluid (CSF) in the volume-ofinterest (VOI) [21] . The criteria to select the reliable concentrations were based on Cramér-Rao lower bounds (CRLB) and were identical to the prior study [21] . Based on these criteria, we report 13 statistically independent concentrations in the vermis, 11 in the cerebellar hemisphere, and 10 in the pons.
Ataxia Rating Scale
Subjects were assessed by the standardized Scale for the Assessment and Rating of Ataxia (SARA) [25] , which yields a composite ataxia score in the range of 0 (no ataxia)-40 (most severe ataxia) and correlates with disease duration in SCA1, SCA2, and SCA6 [1] .
Statistical Analysis
Demographic data were compared between groups with ANOVA and chi-square. Groups were compared with respect to each metabolite using a mixed-effects linear model with fixed-effects terms for brain region, group, and their interaction, but no adjustment for confounders; patients were a random effect and correlation between regions within patients was estimated without assuming any structure for the covariance matrix. These models accommodate missing values; therefore, no imputation was used. Unadjusted means and standard errors from these models are reported. ANOVA overall F tests to compare the four ataxia groups with respect to each metabolite were adjusted for multiple comparisons within each brain region by the Bonferroni method: for six possible pairwise comparisons between four ataxia groups, family-wise error rate is <0.05 when nominal p<0.05/6=.0083 [27] . A binary classification tree selected the metabolites that best distinguished the groups. Mixed-effects models were fitted with Proc Mixed in SAS version 9.2 (SAS Institute, Cary NC, 2008). Classification trees were computed using the "tree" package in R (R Foundation for Statistical Computing, Vienna, Austria, 2009. URL http://www.R-project.org) and by inspection of the data. Table 1 Demographic and clinical characteristics of subjects from whom MRS data were acquired Values given as counts or as mean±SD, as appropriate. SCA1 and control data taken from [21] . Comparisons are between groups within each row. Means which share a letter are not significantly different; means with no letters in common are significantly different (p<0.05)
Results
Patient Characteristics
Subject groups (including the SCA1 and controls from the prior study [21] ) did not differ in age and gender (Table 1) . Subjects with SCA1 and MSA-C presented with a later ageof-onset and had shorter disease duration than those with SCA2 and SCA6. SARA scores of patient groups overlapped considerably (Fig. 1 ). Patients with SCA1 had lower SARA scores than those with SCA6 and MSA-C and patients with SCA2 had lower SARA scores than those with MSA-C (Table 1) . Cerebellar atrophy in ataxia groups was apparent by higher % CSF contribution to the vermis and hemisphere VOI than in controls, while SCA2 and MSA-C groups also showed higher % CSF in pons than controls (Table 1) . Vermian atrophy was more severe in patients with SCA6 and MSA-C than those with SCA1 and SCA2 and hemisphere atrophy more severe in patients with SCA2 and MSA-C than those with SCA1 and SCA6 (Table 1) .
Neurochemical Alterations in SCA2, SCA6, and MSA-C Artifact free MR spectra with a high signal-to-noise ratio (SNR) were acquired from all three VOIs (Fig. 2 ) in all subject groups (Fig. 3) . As a result of the high SNR, differences in the spectral patterns between ataxia groups and between ataxia groups and controls were visible in individual spectra. Note for example the substantially lower NAA and higher myo-inositol in the pons spectrum in MSA-C relative to others. Neurochemical profiles of SCA2 and MSA-C were similar ( Fig. 4) : total NAA (tNAA, NAA + N-acetylaspartylglutamate) and glutamate were lower than controls and total creatine (tCr, creatine + phosphocreatine), glutamine and myo-inositol higher than controls. Some of these alterations were shared by SCA1. However, the extent of some alterations differed between the diseases, such as myo-inositol and tCr in the vermis and myo-inositol in the pons. Also, glutathione was only high in SCA2 and ascorbate only high in MSA-C although these are weakly represented metabolites; hence, these findings need to be investigated further. SCA6 displayed fewer neurochemical alterations from controls and was distinguished from other ataxia groups by higher lactate levels in the vermis and lack of involvement of the pons.
Overall comparisons of ataxia groups found differences in myo-inositol in the vermis; myo-inositol, tNAA, tCr, glutamate, glutamine in the hemispheres; and myo-inositol, tNAA, glutamate in the pons (Fig. 4) .
Classification of SCA1, SCA2, SCA6, and MSA-C by MRS Two tree classification procedures were developed to separate the groups based on MRS markers. Only subjects with complete datasets from the three brain regions were included in this analysis, thus excluding five control subjects for whom data were available from only one or two VOI. Three metabolites measured from two brain regions resulted in 31/36 (86%) correct classifications (Fig. 5a) . The second tree included among predictors the tNAA/myo-inositol ratio in the cerebellar hemispheres because this ratio had differentiated patients with SCA1 from controls with 100% specificity and sensitivity in our prior study [21] . This second tree improved the classification to 32/36 (89%) correctly identified (Fig. 5b) . Restricting the first tree to SCA2, SCA6, MSA-C, and controls gave 22/24 (92%) correct classifications (Fig. 5a ).
Discussion
Here, we report multiple neurochemical alterations in SCA2, SCA6, and MSA-C relative to age-matched con- Fig. 3 MR spectral differences in patients with SCA2, SCA6, and MSA-C relative to controls. Localized proton MR spectra (STEAM, TE=5 ms, TR=4.5 s, 128 transients) obtained from the vermis, cerebellar hemisphere, and pons are shown. All spectra were processed identically and weighted with the same Gaussian function prior to Fourier transformation. Visible metabolite alterations are shown with arrows that indicate the direction of change. tNAA total N-acetylaspartate, Glu glutamate, Gln glutamine, myo-Ins myo-inositol, tCr total creatine, tCho total choline, Lac lactate, Glc glucose, Tau taurine trols. Thanks to the increased sensitivity and resolution at high field, some of these neurochemical differences were visible in individual spectra (Fig. 3) . Together with our earlier data that demonstrated robust correlations between neurochemical levels and ataxia scores in SCA1 [21] and the excellent test-retest reproducibility of neurochemical levels measured at high field [22] , these data indicate MRS biomarkers as potential surrogate markers in future treatment trials of neurodegenerative ataxias. In addition, we observed different patterns of neurochemical alterations in different SCAs and MSA-C and were able to accurately classify ataxia subtypes based on these. Myo-inositol, tNAA, tCr, glutamate, and glutamine levels were significantly different between patient groups, with the highest number of differences in the cerebellar hemispheres. Of these neurochemicals, myo-inositol, tNAA, tCr, and the tNAA/myo-inositol ratio were the best MRS predictors that distinguished the subject groups.
Due to the pilot nature of this study, raw p values for the comparisons of the patient groups vs. controls are shown in Fig. 4 ; therefore, differences with p<0.05 and some with p<0.01 should be considered as trends to be investigated further in future studies. However, at least half of the differences (those with p<0.001 in Fig. 4 ) would remain significant after correction for multiple comparisons of 10-13 metabolites in each brain region for each patient group vs. controls. On the other hand, the standard Bonferroni correction for multiple comparisons was applied within each brain region to reveal those metabolites that most robustly distinguished the groups. This approach identified multiple neurochemicals (marked with † in Fig. 4 ) which were significantly different between patient groups despite the small sample size, likely as a result of low measurement errors at 4 T. To select the best MRS predictors for the ataxia subtypes, a simple tree approach was chosen in these pilot data although more sophisticated approaches that take into account patterns of neurochemical alterations are possible.
Low cerebellar and pontine NAA levels and NAA/Cr ratios in SCA2 and MSA-C relative to controls were reported previously [9, 11, 28] and indicate neuronal dysfunction/loss in these brain regions [29] . In addition to this well-established biomarker, we detected differences in myo-inositol, tCr (both putative markers of gliosis [30, 31] ), glutamate, glutamine (potentially reflecting disruptions in glutamatergic neurotransmission [21] ), and glutathione and ascorbate (potentially indicating oxidative stress) in patients Fig. 4 Neurochemical profiles of SCA1, SCA2, SCA6, and MSA-C. Mean cerebellar (a, b) and brainstem (c) neurochemical concentrations ± 2 × S.E. (95% C.I.) are shown. Only metabolites quantified with CRLB ≤50% in most patients in a group are plotted. Statistically significant differences between the patients and controls are shown with *p<0.05, **p<0.01, ***p<0.001. Metabolites significantly different between ataxia groups (Bonferroni corrected p<0.05) are marked with †. Gln glutamine, Glu glutamate, GABA γ-aminobutyric acid, GSH glutathione, Asc ascorbate, myo-Ins myo-inositol, scyllo-Ins scyllo-inositol, tNAA NAA + N-acetylaspartylglutamate, tCho glycerophosphocholine + phosphocholine, tCr creatine + phosphocreatine, Lac lactate, Glc glucose, Tau taurine b with SCA2 and MSA-C relative to controls (Fig. 4) . At variance with reports by Boesch et al. [8, 11] , we did not observe high lactate levels in SCA2, and the reason for this discrepancy may be the different MRS methods utilized. Namely, these authors detected higher lactate levels in long echo MRS images (MRSI), which may be due to a longer T 2 relaxation time of lactate than controls. They reported the ability to distinguish SCA2 from MSA-C based on the observation of the lactate peak in SCA2, while high vermian myo-inositol levels distinguished MSA-C from all three SCAs in our study (Fig. 5) . On the other hand, we confirmed these authors' finding of higher cerebellar NAA/ Cr levels in SCA6 than SCA2, which they detected both at short and long echo MRSI data, and demonstrated that this difference is not due to a difference in clinical severity as the SARA scores of patients with SCA2 and SCA6 in our study were not different (Table 1) . Another prior MRS study compared cerebellar and pontine neurochemical levels of two patients with SCA6 to controls and reported lower NAA levels in the cerebellar hemisphere in SCA6 [32] . While the trend for lower NAA in cerebellar hemispheres did not reach significance in the current study (Fig. 4b) , we observed several other neurochemical differences in patients with SCA6 relative to controls. Although fewer than in SCA2 and MSA-C, these included higher myo-inositol in the vermis and hemispheres indicating gliotic activity and higher lactate in the vermis indicating defects in oxidative metabolism (Fig. 4) . Glucose + taurine was also higher in SCA6 than controls in the cerebellar hemispheres; however, it is unclear which of the two metabolites, hence which cellular/biochemical process, lead to this difference. Note that some of these differences, such as lower tNAA and higher myo-inositol, were also reported in other neurodegenerative diseases [33, 34] likely because these are markers of neuronal dysfunction and gliosis, processes common to all neurodegenerative diseases. Therefore, these are not markers specific to ataxias. What does confer specificity to these MRS predictors is the extent to which they are altered in each brain region and ataxia subtype studied.
The neurochemical differences between ataxias were likely not due to differences in disease severity because the SARA scores of patients overlapped considerably (Fig. 1) . For example, while the SARA scores of the SCA6 group were not different from the SCA2 and MSA-C groups (Table 1) , these patients showed the fewest neurochemical alterations. Furthermore, the SARA scores of patients with SCA6 were higher than those with SCA1 while patients with SCA1 had more neurochemical alterations than those with SCA6. Distinguishing patients with SCA1 and SCA2 with MRI and MRS has been particularly challenging in prior studies [9, 10, 12] . Patients in these groups had almost identical SARA scores (Fig. 1) while the extent of neurochemical alterations was almost always higher in patients with SCA2 and vermian myo-inositol levels most clearly distinguished the two groups. It could be argued that the longer disease duration of patients with SCA2 than those with SCA1 could have resulted in the more severe neurochemical alterations in SCA2. On the other hand, patients with MSA-C had the shortest disease duration and the most severe alterations and patients with SCA6 intermediate disease duration and the fewest alterations. Therefore, although neurochemical alterations are expected to correlate with clinical severity (as we have shown in SCA1 [21] ) and disease duration within each disease group, differences in neurochemical alterations between different ataxias cannot be simply explained by clinical severity or disease duration. The question then remains what causes these differences in neurochemical profiles. One possibility is that they reflect differences in the extent of atrophy between the groups. The % CSF contribution is a measure of atrophy within the MRS VOI. All concentrations were corrected for this contribution and hence represent metabolite concentrations in the remaining tissue. Therefore, neurochemical alterations may only reflect atrophic changes if the extent of overall atrophy is also a measure of damage in the remaining cells. In the vermis, patients with SCA6 and MSA-C had more atrophy than those with SCA1 and SCA2 (Table 1) , while patients with SCA6 had the fewest neurochemical alterations, indicating the functional integrity of the remaining tissue. Similarly, the extent of pontine atrophy was not different between SCA1 and SCA6 and between SCA2 and MSA-C while pontine neurochemical alterations differed between these groups. Therefore the neurochemical alterations also cannot be explained by atrophy alone. On the other hand, altered contributions of gray (GM) and white matter (WM) to VOI in patients relative to controls may explain some of the observed differences in the neurochemical levels since metabolite levels are different in GM and WM and our data were not corrected for fractional contributions of GM vs. WM in the VOI. Of the three VOI, the cerebellar hemispheres is the most likely one to be affected by altered GM/WM contributions because this VOI primarily contains WM and atrophy may increase its GM content in patients (while in the other two VOI, atrophy primarily increases the CSF content of the VOI). The potential effects of altered GM/ WM contributions to the cerebellar hemisphere VOI can be assessed by comparing metabolite levels in this VOI to those in the vermis, which represent metabolite levels in cerebellar GM. Thus, higher levels of some metabolites in cerebellar hemispheres of patients relative to controls can in part be explained by their higher levels in GM (vermis) than WM (cerebellar hemispheres) and a higher GM contribution to the cerebellar hemisphere VOI in patients than controls. Myo-inositol, tCr, and glutamine are three such metabolites. However, when the extent of the increase of these metabolite levels in the cerebellar hemispheres of patients is considered, it becomes clear that the GM/WM fraction alone cannot explain these differences. For example, the almost doubling of cerebellar hemisphere myo-inositol levels (from ∼7 μmol/g in controls to ∼13 μmol/g in SCA2 and MSA-C) cannot be primarily due to higher GM content in the VOI since myo-inositol levels in GM (vermis) are only ∼10 μmol/g. Similarly, to explain the ∼50% higher tCr levels in cerebellar hemispheres of patients with SCA2 and MSA-C relative to controls by an increased GM content, the entire cerebellar hemisphere VOI should be replaced by GM (with ∼14 μmol/g tCr content), which was clearly not the case. The reductions in tNAA could also not be explained by altered GM/WM ratios in patients since we did not observe a difference in tNAA levels between normal vermis and hemispheres. A reduction of glutamate levels in cerebellar hemispheres could clearly not be due to a higher GM content in the hemisphere VOI since glutamate levels are higher in GM (vermis) than WM (cerebellar hemispheres). In summary, the neurochemical alterations we observed in patient groups relative to controls could not be simply explained by altered GM/ WM contributions to selected VOI either.
There are pathological differences between different SCAs [35] [36] [37] which may cause the different neurochemical alterations. The degree of Purkinje cell atrophy, the pathological hallmark in these diseases, is comparable in SCA1, SCA2, and SCA6 [35, 36] and, therefore, does not explain the neurochemical profile differences in the vermis. Dentate nucleus (which is included in the cerebellar hemisphere VOI) is severely affected in SCA1 but relatively spared in SCA2 [36, 37] ; hence, the more extensive alterations in the hemispheres in SCA2 than SCA1 does not reflect dentate involvement. On the other hand, while dentate neurons are also spared in SCA6, significant gliosis is observed in this region [38] , which may be reflected by the increased myo-inositol in the presence of unchanged NAA levels (Fig. 4) . Furthermore, the lack of involvement of pons in SCA6, which is considered a pure cerebellar ataxia, led to its separation from SCA1 and SCA2 (Fig. 5b) . Interestingly, some pontine involvement was indicated by the MRS data of two patients with SCA6, consistent with brainstem involvement in 25% of patients [1] and the slight pontine atrophy recently detected in SCA6 by volumetry [13] . Another pathologic feature that differs between SCA1, SCA2, and SCA6 is the degree of synaptic loss [35] . Namely, cerebellar and brainstem synaptic loss is most severe in SCA2, followed by SCA1 and SCA6, where no synaptic loss was observed in the two cases studied [39] . The same ranking was observed in the severity of neurochemical alterations between SCA2, SCA1, and SCA6, raising the intriguing possibility that neurochemical differences may in part reflect synaptic density. After all, both MRS and synaptic density are more functional, rather than structural, measures. Lastly, MSA-C stood out by the very high myoinositol levels in the vermis and pons, consistent with a prominent involvement of glial cells in the pathology. Interestingly, glial cytoplasmic inclusions (GCI) are a hallmark of MSA pathology and appear closely associated with the neurodegenerative process [40] . Whether the high myo-inositol levels are in any way linked to the GCI pathology in MSA remains to be determined.
The main limitation of our study is the small sample size in each patient group. Thus, a higher number of patients are needed to investigate the sensitivity of the MRS biomarkers to disease severity by examining the correlation of neurochemical levels with SARA scores in each ataxia subtype. In addition, the utility of neurochemical levels as surrogate markers in treatment trials of neurodegenerative ataxias needs to be examined in longitudinal studies. Finally, the ability of the MRS predictors identified here to distinguish different ataxia subtypes needs to be tested in different patient groups using blind analyses.
Conclusion
In summary, the different neurochemical profiles observed here in different SCAs and MSA-C are not simply explained by differences in disease severity, duration, GM/WM composition of the VOI or atrophy and likely provide unique information about the complex pathology in each disease. Studies with higher numbers of patients and other ataxias are warranted to fully demonstrate the utility of high field MRS to differentiate between ataxia subtypes and to monitor progression in each disease and will be possible with the increasing availability of 3 T scanners. While the final diagnosis in hereditary ataxias will always rely on genetic testing, MRS, together with other imaging modalities, can narrow down the options for genotypes to be tested in the absence of sufficient family history. We expect that a combination of imaging techniques together with clinical evaluation will have the best chance for predicting genotype in these disorders and for reliably monitoring disease progression as well as treatment response.
